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FLOW INVESTIGATIONWI% THEMD OF .ZIHEUL-Q??SCOPIZL..

1, By G. Vogel&dll&d ‘D.Mdesmann ,.-,,,

,.. ,
.Sum$uw,” ““,,. .

,“. ~.,’,

On”’the basis‘ofphoto&aptiic,~ict~es’the &in& flow at a pipe i~
letwas measured&d, compqed w3th ‘othermeasurements’and computational
results..The te.s.teetupis describ@ in’detetl,and a seriesof the
yicturesobtainedfob.”twbulqnt flow is “given!{...

,,.
,,,..
IN71%ODUCTION ‘,...

.! .”., ..

“tieult’amickoqcop,ehas.been adoptedby Fage and Towneqd(reference
l},as an aid in flow investigation.The m@hod hae further.bopndevelopd
snd refl.nedso that,flow photographsare obtainedfromwhichmeasurable
results.,g~ be derived. .. ,.. .,,...

OBSERVATIONPROCEDURE. . .;, :,’

Flows can, in general}be renderedvisibleonlyby introducing.
forei~’bod~qs’intbe’’fluidj,:the‘experimentaldifficulties~~ry$ng’with
the natui%’ofthesebodtesand that of the.flow. Very rapid’,or.ve~y,j,,l~
proce&sed’dre””&ffic@t ,-bo’followjbut ~h~ gr~ateflt”dlffioultiesde, en-,,,,.
counteredin inyes”ti.gatin’gthe f@”” slnn.i@u?~.ofthe flow.,processes;.:,,,:,.~,,
In this’corine~@on””Fage,e.@ To@e”nd~resenta siqle an,d”’wide~app:l~’,,..
c{~lg.aa well asr~liablemethod: nhms~)’that o$’~,~egdtiring‘visibl~.,thb,””~
ve~$”fineparticles””:con~alnedin’thewate~”by darkfiblaillumina.t~oh.’”
Suchparticles;even afterthe most carefulp~ificatio~lof the water3° “ .
always,.remain,in.stificientlylarge,.number,,.,.~hey:..~eqQ$,?$@iP@ @ordi-
n&’fi~ht justae the dust.~atic,les.c~ntalned,$p thq”qiy.which.onl-y:.,.
bec&6 vtaible:inathin$~ of“:~mltght”a~i~}ed,~,into.a~ark roo~~... ““”>~+
‘tii%~”~5’”ti6”’3~~bessof*~~e”~*tiCXe4rit mqy;jbe’a6~~~fi~?$.,.’,,,,:

a,....+......
.. . :.:..,...,’,:T,,.,.,,,:...,.,.......“.,,,’.”: $,:. .... ... .... .. ,.,
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they carryout the samemotionas thatof the surroundingfluid.~
,.

.,.
‘,, ! .“,,

DESCRIPTIONOF ~ TEST Stii’71P

. .
Figure1 ehows”theconstructionofthe’test setup. From”thearc lmp

,...

a the lightyassesthyoughthecopdenser b, the:cylin~~ical’ler~sc
and the adjustableslit ‘d intothe illuminationob~ective e whichat
the pointof the pipe to be investigatedf producesjas an imageof the
slit,a thinbeam of lightof accuratelymeasurablethickness. At right
anglesto it the imageis observedby ‘themicroscope g. Insteadof the
usual tubethemicroscopehas a U-sheqpedba~e so that the ray path can be
modi’fiedby a ~o$atinglensdisk h. In thisway them9tionin the
directionof the p,ip’eqxts c.ani~ith:am@table rotationalsyeed‘bobal-
anced.out’”:sothat the particlesare seena,t,i-es-b’ih,theocular“andthe
deviationsfroa “theaxialvelocity}whichare of importancefez?turbu-
lenceinvestigationalcan be studied. in thisrnannerjtoo, the velocity
itselfcan be determinedfrom the rotationalspeedwithoutthe need.for
introducinga meawring apparatuswhich disturbsthe flow. Fage emd
Townend tme a rotatingob~ectiveinsteadQf’ the lensdisk.

The rnz+gnifica~ionslie..ata%out20 to 50 an? tn exceptioqqlcases
100 to 150 ti@es”@ie@s&ftiie., ,,With the waterat rest thereis”obtained
the itiprbsbion:,of:’obs~r%in~a ,st~rysky: Sriallparticles,carry’ou’t:the
Brownianmtivement,thu~ M@i,@q to’theeuppositicmof ordersof ~anilmde
below 1 I.L.With the
figuresPa to “2h.

,,...‘,

fluid in ~otionther~-aresecni”thepict&es OF

,.. ... .:. ,, ’,.
MEASURINGSETUPFOR ROUNDK13?E

.,.,. .,,.,,.. .,!. .,
Sincethe directiotisof illuminationand’ol)aerv~tionarea-tright

angletito eacho$her,jFage.apd,TOWnond use chieiw a:squazwmetql”pipe..
in whichwjnd~ws’.are.mov.qted.,In thesete~tsit was,m?tp~ssibl?j,how-, ;

ever,tm obtain ,a ~v~ansiticmfyozqtw metallm ~h?glasswall as f.~ee.!fr.om.,
disturlm.nce,,aswps.desirable;.a@oj the;pmqothnem of the @r@,’#nbrass~ ~ij
pipe,diffqr$~appre<”iably frou’that.ofthp glassplate. Hencejin otidb.r~
to ayqid.every~dj.st~rbmcethp,ymand.g~sspipe,was.use~,~?~,,the further,,..,,.~..
tests., . ,, ;.,. , w:’ ,, .,. ..: ,,;} ‘

t.

“’’” l?~e.’cylin~ibals.~aces ~id,not.direet~af$ordan o?%ervationbe:
,.,. ..

cause;‘asidefrom th,e@t&m atic distortibq;‘on~Y,:~@ut~~.~e”rcentof,the:.~.— —--- ?-—— .,....,,.
~’~keideaof.theultr&micro&m&@ ,in,j~&~ no”b,{c:onnectie$’ei,~h:~r,,.,‘

with the sizeof,{he,parti,clea.or a high.fia~nification~lxzt:~sbase,d,-,
esse@’alJ.yon..:~pe’’’fact,tk+bpaytic,les~iqvi~$b~e~:under)~~~~.~ry~~~k~-““
natioq”.b@come.,yisib,+e@der:~@A,up@@$ionqgq$np~fl~ld~~;],qc,~~q~,d.,~.~;:,‘!+
thismannerparticlesup to O.00~p cdn,be observed,which lie below
the resolvinglimitof the microscopeopticalsystem (0.3to 0.1 p)
and hencethe name ultramicroscope.

. . .— .-
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pipe crosssectionis visible. To balticethe error,the Dimplesmall
tank .! f’il.ed,with,water,,(fig..,l),,wcw.fo~dmost suitable.-.A . -
speciallypreparedcalibrationscaleautomaticallyadjustablein the
centerof the pipe (fig.3) was used to balsncethe residua+,errordue
to the @ass wall on’evaluatingthemeasurementsso’thatthe position
of an observedpoint in.thepipe couldbe relidbl.ydetermined.Fi+jure
4 showsapicture of the scale- the:pipeandtankarp”fill.ed,withwater -
and indicatesthe usefulne.~.sof a si.mpletakw~thina w$de range. ‘For
judgingthe shwpne’sscxtthepicture$.ccmqya.realsofigurek6 ad 79 OnlY’
for observationsin%he -diate neighborhood’of‘thewa~lwaa amodi,+
ficationnecessary.?lhus}the astigmaticdi@ortion at tie tipe of the
scalecouldbe ‘eliminatedby usinga fluid,iri.thetimikcdhigherindex qf
refractionthanwater,for example,by the additionof g,lyceri.ne.~

,,, ...,,,,
Otherdifficu2tlesar$seIn investigatingthe layernear thewall in

the planeparallelto,thewall. In this case the ai%angeme,ntshowriin
figure5 proveduseful.,By puttyingtwo glassplatesand fi$l$tigoutthe
interspaceswitlioedarmod Qll,whichhas ‘themme Indexof refractionas
glass,the ray path indicatedwas made possible~

,,
,.,,,

,.,,/,.. QUALtiATIVEOBSERVATIONS .,.

:,.. ..

The previouslydescribed’appa~titqsw~s.forthe purposeof verifying
kfie”’obaervationsreported by Fage and ‘fownendon the flow proce~s’in
the immediateneighborhoodof thewall for the conditionOf turbulence,:
nstiely,that the.;partic.l@s:there do not carryout a.rectilindermotibn~”
in the’”directiomofthe pipe..axisas,mayat firstbe Emppoie?. AcGordf%
to’thepreviouslymentioneddiffic~~ltie8inthe accurateputtyingof the
windows,.adisturbancearisingfrom thiscausemightgive’rl.petv ‘Uie“,,
transversemotion. Observationin both the squareand circul.arpipbs
confirm”the.~glioh:rasu.its:.:They were not)howeverjfurtherevaluqted$
Since,theinaccuracie~,an~z~o~ghnessesof the gla~s.sw%q.e’efc)~co~er-
:cialtubes‘re’nderedMnposs’ib’lea“trulyfine i~~q~,tigtition~:,Pi@.reE?:7ahd
8 showliow:%heglass.’wallbecoznesvisible. :. “ .’ , ,::,,

,. . . . ,,.,. ,!,.’ .,” ,. ....
,., “. ..,’: ...;;”’

,. ,,
.,. . PHtiWrRMHI~.PICmS:’,.,:.”,, ,.,.’.. ....”..,:, ...., ,,, ............,, .,’.-...,, ”

..,,, ,.. . .. ..
.,

..!.

Attemptshad beenmade by Ez@iih investi~atorsto photo~raj~the’”
pic$qreq.,visib.@..$nthe microscopeonphotographicpl.ates~:-butthe s~ll
lightintensitywas conbideyg@tQi+bp:in~~jf:++ent.Thesemeanswer was
given also’by experiencedmicrophotographers,and in fact attempts
made with the usualmicuocameraswere a completefailure. Sincethe
piot@5’:appearedtobe}very briglyb$.hoyeyerJ:.the.,attqmgtswergcpptinued
in twb dirbtitions;,,(l)::raisi~thelightlpt~risl%~.o<~he~~~:’~ b?.,,.,.:.,,..’,,,.:. ,..,.’ :.... . ...........,’“

-...
,’,,. “,..’:.... ...,.,.,..:.. .:...,,!..’‘..:..,’.



increasingthe currentfrom ;6 tocO ~peres2.a methodv~hichdid.not lead
to the desiredobject: dispensingwi.ththe,ma~ificdtim,of the
picturesbeforepho$o~aphing.. With ondinaryta~water thereare thus .
obtainedpicturesofa few p@rt,icularly”brightparticles. In order to
obtainpi.ctures,.from.which,eatamay be evaluated>sma”llquantitie~of ~~
very‘finep~ticlee werefurtheraddedto thewaterfor ‘thepurpose,.:‘“.
of increasingthe number,,ofilluminatedyarticles. Very fine aluminum
powderapyetiedmosts.ui%a.blejwhereascollodial.solutiongjsuch&m.uoed
for malci~’visiblethe”Broynianmotionjgaveonly a ~st.likeincreasein
the brightnessofthe I-i.ghtbeam. ,. .,,

,.
Figure6 showea J.ightbeemfor an additionof’O.lgaluminumpowder

per 100 litersof water as uqedfor themeas~emen.ts,while,figure~ for
comparisonshowsthe resultsfor tap water thatremaifiedfor 2 iiays’exb
pose,dto*he’air. The’aluuiinumparticles.havethe adv$mtageover tine
naturalimpuritiesin that the very swan particles-whichdo not give
any sharpimagesiq themotj.on?but onlya ge.nevalobscurity}dropout.
Furthermorejthe lightintensityof the aluminumym.rt$cles19 con~idGr-
ablyhigherthan that of the equalsizenaturalparticles;

,,

T@ additivedoesnot producedifficultiesin the case of turbulent
motionsincethe larticlescaqbe stirredfreelyand thereforedo not
settle. In the caseof lamtnarprocesseswhi,tibl’ona~countM the sma3l-
er velocity,givebrighterpictures,stirringis not possiblebecauseof’
the’require’ilinondisturbqnc,eof the motion. Itis advieableto strewthe
enlargedparticlesQn:-.thqwaterwith a sieyein,orilerto preventc@@om-
erations. In thisway ~hebright thicker-,particleq,.e.re‘preventedfrcm ‘J
settlingf’i~St*J ‘. : ,:

.,,
. : :!,..”.., ,,,

,,. ,,. .
.,, .. ;. ;,

.. . . .

DeteWinatio~g;o~.:~le.sizeof the patijticiesfro]n?hewinkingvelocity.,
and theirnumbw per.qnitweightgave consieten’t~an orderof magnitude
below”10p.: An estimateof the resistjance,.fm?m%heir verygnnallsinki?lg
velocityin water at Testgave,fmther,:bhereimlt that.les~.,than,0.’005
~eccxitiimwequiredto reachas%ate f’or:whickthereis the admissible’
deviationof l.percen$betweenthe yartic~ev’e’iocityand that of the ~
surroundingwaterfor arbitrarycotifitantacceleration.There,is +@s prao--
ticallyobtainedi~ the plateyhoto~raphof the path of & particlea ?’ery
faithfulimageof the fluidznot$on.

.
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periodicallyby a tootheddiskwhereb~,strokes,ofdefinitelengthare ob-
tainedwhichperniitthe direct”heasurement,ofthe‘veloci+y.”Amotor was
used rotatingat n = 2500rpm and a diskwith two sectors(ef&ht sectom
foi tur’hulentprocesses),the uni~ormityof the rotakiona,lmotionbej.na
contro~ed stroboscopically,with”’bheaid of a glow @mp controlled.by a
tunink!J?ork.,In thisway qn accuracy,p.f0.1 ~ercentin determiningthe
tlrnewak atkainqd; ,.” ,,

,.,.. ,.

In the ,course,.ofthemeas~qmefits.,t~e~epicture’swere produced~y two
different’:“methods:..‘““(l)’pic$ureecorresponding,to the microsco~ic:.in-~
vestigatd.on,characterizedby,a~ hjgh a sharpne~sof $hageas a_btainiib~e
~d accuz??ate”l#deterti~neda~hit.rarilythinlightbeam,:(2)pictures’o~er:’
the entirecrosssec$ion,excoptfor the ~-yez*centoute~o~’tpar.%~% thb ,.
edge..An objectivegf ,lopg’focuswae usedfur ilU.p@aticql;th~~widthof
the,bli’tWas ,~p.to.abouli4 ~ercentof the diemetel~%..,.The,socond..me.thod.fls
more’‘,.~:onveni,efit”in.t“he.teutad in generalalm more ~roductive.of.z’esqlts.., ,.

: :? :

.,~PL~CXi7U2NOF THE MZTHOD:.,TQ~HE IJUjIN@FLOWAT A PIPE IN’LMT:..,,,.,,,,. . .,,,.: .,, ,,,,, .:,,:’.”...,’,.,’. ..!, :,’:.

lThismay at”firstglanceappearas ~-natii-ssibiylarge. “S~tic6}how-
everjthe thicknessof the layeronly entersto the secondorderas an
inaccuracyin the detemi~tton..,gt~.+hpp@nt,pfa fieldwith =ial
symmetrythereis obtained~fi’’ttibl~eighborhoo”d”ofthe wall,where the
velocitygradientIS steep,~ e~or of only 0.I.6percent.

,..,,.,. ...... ..............,’ . .... ...,.’ ,.,.. ;..;...,,. ..,.’,,“..<.,..,.,,} ..,,. ...’... .,, .. .. ...
,,. .,,,;.,’ ,. .. l:C:‘.:,;:.“..:“’‘“: : f‘:

. ..-,,,.... .., .”,:. ,.. ..“..,..
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The a~ove.mentionedphotographsover
therefore’taken’(fig,”~). Thesecouldbe
(1)sufficientlyr@.ilaxformationof the

the.entire,cromjsectionwere ‘
arrangedinto three“groups:
velocityyrofilej(2)formation

of the velocity-pro~ileon one ,side}(3)&trongscatterabouta mean
position. Thoseunder (1,)and (3)..and thepreviouspartialphotographs
may evidentlybe reducedto the phenomenongivenunder (2). The velocity
profileoscillatesabouta mean position. The profilesshow the chai-~c-
teristicpropertythatthe mean instantaneousvalueof the Velocity u
over the crosssectiondoesnot vary in spite”of the f2uctuati.on.This
conetancy“wasrecoqizabl.e. at the outletdiaphragm,used as a throttle,
with connectedfree stream,which is an extremelysensitiveindicatorfor
the finestfluctuations.A lightIikowing cm thewater surface, for ex-
ample2is sufficientto changeits @.assyc“learappearance.A Graphical
evaluation”bfthe c~ve8 of fi~ure9 also gives,the sameflow quantity
with the restrictionthatwitlnunsymmetmyth~oughthe slot the velocity
profilecannotbe consideredas entirelytwo-dimensional,the difference
amountingto 0.3percent.

In observationby eye someif thesefluctuationsare sub~ectedto
an averagingprocessbut the characteristicsof the fluctuationses~en-
tiallyremain,as is seen in figureI.O,in which the individualmeasure-
ments of twoprofiles=e plotted}the“tw halvesbeingElatedne~tto
eachother. Near the centerof the,radius,atthe left 3s a point about

,. which theprofi’leseegsto oscillate.,Therightprofilehas a stable
corewith constantvelocity,”‘butthe tmnsition.tothe velocityzeroat.
thewall showssfropgSkatteti.andindiGatesgreathickof stability.
The coreappearsto oscillateradiallyin the pipe as nlay”beconcluded
from the observations of”N@mnnwith coloredstreamers. (Seereferene.e4).,.-

.The”quasi-station~y.state,is obtainedby the averagingof relative~
few valueswith sufflc$.ent’a~c~acy, f2gurell; figure32 shows,t~epiA?-
files. For compsrison2the ~easurement@.of.Nikuradseare alsoplotted ~
on the figure.‘The comniercial,,gla,ssyipe usedfor thesemea~urementq,.,
permits,h,owe~erjthe possibi;ityofsystematic,errors,siwe i,~s,pross~,,
sectiohl are~fluctuated“byabout4 perce,nt.The separatepointswere
obtainedby”var~@g the measuringstation x and themear”flowve~ocity ~.

. . ‘.

In orderto
the inaccwiacies
from vibrations,
base and usfn~a

firidto wh~t.extentthe olmervedfluctuationsde~eqdon
of the pipe and on the,mountin~base)whichwas’noti’tie~
it was”proposedto.builda new test setupon a fixed
Jena KR pipe., ,. . .,

TURIYJLENCEPHOTOGRAPES
,.

For the furthertestingwith the ob~ectof ~hotographingturlulent
processestherewas used the above-mentionedprecisionpipe of 20.5-
millimeterdiameter. Vnf@?@nately,the accuracycd?the diameter(0.2

I
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percent)was gainedat the e~ense of opticaliklsadvantages,sincethe
inq.er.surface,by the drawingprocess>is rendered-insti”ficientlysmooth-
the sharpnessof the regionsnear the rim suffering in Tarticulwr.

For turbulenceinvestigationsfor the purposeof statisticalevalu-
ation,many photographsare required. For thisreasonjthemj.cr~scol?e
objectivewith the platephotographyused thusfar were discarded.By
usinga Leica (Summar1:2)and additionalapparatuswith mat disksfor
picturesin the scale1:1 the test setupcould.be made more sensitiveand
flexible, Figures13 and 14 show thepicturestaken,but do not ~ive the
detailsof the negative. Of interestin many picturesis theiralmost
laminarappearancewithoutsny appreciablechangein the t~e of flow and
the simultaneouslyobservedoutflowparabolaof the free jet. It’isthere-
fore here a questionof a partialturbulenceof a stateand not of the
occurrenceof the so-cal~edintermittentturbulence.

By varyingthe cut-offtime,whichfor sufficientadditionof’prxr-
ticlescan be made sufficientlysmall--theinterruptionoi’the illumina-
tion for measuringthe velocitymust naturallybe made considerablyshortl-
er--thefmquenciesmaY be estimatedand the developmentof velocityfields
determined.

Translationby S. lleiss,
NationalAdvisoryCommittee
for Aeronautics.
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NACA TM No.11O9 Figs- 1,2,3,5

a,
b,
c,
a,
e,

f,
~,
h,

i,

arc kmp
ccadenser
cylinderlens
slit
illuminatingob-
jective
pipe
microscope
rotatinglens
disk
tank

b

Q--
II Ca c<24 c=U/ c>Z4

furbqleti ~ ‘u

‘0’’m6!!?@@“
c,

u,

~ x,
6C de

c-o w-d, c-u C=.u+u”

equalizingvelocityof the
lensdisk
particlevelocity(time-
averagedvalueat a definite
point)
disturbancevelocityof the
turtw.lencemotion

Figure l.- Test set-up for the
observation of flow Figure 2.- Observed f~ow pic-

processes in a pipe with the tures with rotat-
aid of the ultramicroscope. ing lens disk.

Figure 3.- Scale for
calibrat-

ing the optical
system.

tine

oil

Figure 5.- Arrangement for
investigating the

flow in the neighborhood of
the wall.
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NACA TM No.11O9 Figs. 4,6,7,8,13,14’

Figure 4.- Calibrating scale Figure 6.- Aluminum powder
in pipe. The water- in water under

filled tank annuls the distor- dark field illumination.
tion of the picture except for. Exposure time 1/20 seconds.
small errors at the edge.

Figure ?.- Light beam through Figure 8.- Partial photo-
water remaining graph of

stagnant for two days. laminar flow in the
Exposure time 1/4 seconds. neighborhood of the wall.

Figure.13.- TuxbuLent flow
Re = 2190, Pharp

edged inlet. Added particles
10-6 the volume of water,
illumination 50 A, exposure
time 1/4 seconds. Space be-
tween strokes corresponds to .
a time of 1/200 seconds.

Figure 14.- Turbulent flow
Re = 2190, sha,rp

edged inlet. Added particles
10-6 the volume of water,
illumination 50 A, exposure
time 1/8 seconds. Space be-
tween strokes corresponds to
a time of 1/200 seconds.
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b
7 7=

Figure 9.- Scatter of
the veloc-

ity profile at the
inlet. Laminar veloc-
ity profiles photo-
graphically obtained
under equal test
conditions.

—

Figs. 9,10,11,12
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*e.eozl+

‘$,,
// Re=940

\
‘i \

I
u

. One measurement+
-Twomeosu,vmen+s coinckJe
.Th o, ,,

Figure 10.- Scatter of the
profile in the

section.

Figure 11.- Velocity profile
in inlet region.

Arrows denote Poiseuille
parabola.
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.Fi”gure12.-”

velocity
inlet
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Comparison with
other investi-

gation results.
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